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Abstract: In this paper, the technical and economic feasibility of integrating SWTs (Small Wind
Turbines) into remote oil production sites are investigated. Compared to large turbines in onshore
and offshore wind farms, SWTs are more suitable for individual power generations. A comprehensive
approach based on wind energy assessment, wind power prediction, and economic analysis is then
recommended, to evaluate how, where, and when small wind production recovery is achievable in
oilfields. Firstly, wind resource in oilfields is critically assessed based on recorded meteorological
data. Then, the wind power potential is numerically tested using specified wind turbines with
density-corrected power curves. Later, estimations of annual costs and energy-saving are carried out
before and after the installation of SWT via the LCOE (Levelized Cost of Electricity) and the EROI
(Energy Return on Investment). The proposed methodology was tested against the Daqing oilfield,
which is the largest onshore oilfield in China. The results suggested that over 80% of the original
annual costs in oil production could be saved through the integrations between wind energy and
oil production.
Keywords: small wind turbines (SWTs); wind resource assessment; EROI
1. Introduction
The oil and gas industry is not only one of the major energy suppliers, but also one of the
largest customers in energy consumption. Petroleum companies [1] have realized that energy used
in hydrocarbon operations has caused the increase of greenhouse gas emission, which should be
minimized where possible [2]. The power supply in oil and gas extraction supports a wide range of
activities, including driving pumps to produce fluids from subsurface and running turbines to generate
electricity or heat for on-site operations. Mostly, the power consumed during hydrocarbon production
is supplied by the nearby main grid. However, in certain scenarios, the main grid could not reach
remote oil wells and operation sites. Furthermore, investments in building local grids are quite costly.
Therefore, most operators choose to use diesel generator sets to supply power in remote hydrocarbon
developments, which has low power efficiency and high air pollution.
Certain oil and gas wells have potential to use wind turbines as power sources, which could
be used to develop more synergy between the two energy sectors. Potentials of harnessing wind
energy [3–5] for powering oil and gas production have been identified in some studies. He et al. [6]
recommended using a 20 MW offshore wind farm to power offshore platforms for reducing fuel
gas consumption. Hu et al. [7] suggested to involve wind energy into isolated power systems of
offshore oil platforms to lower operation and maintenance (O&M) costs as well as improve fuel
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saving. Haruni et al. [8] presented dynamic control strategies of an integrated wind-diesel-battery
power supply system, which has the potential to be applied to offshore platforms. Stavrakais and
Kariniotakis [9] introduced detailed dynamics equations to implement transient stability evaluation of
stand-alone wind-diesel power system. Besides, there are other possibilities to integrate wind energy
into fossil fuels production. For instance, Pierobon et al. [10] investigated the optimizations of offshore
facilities through waste heat recovery, considering the organic Rankine cycle, the air bottoming cycle,
and the steam Rankine cycle. Liu et al. [2] recommend recovering low-temperature waste heat from
mature oil and gas reservoirs for future field developments. Additionally, Kazak et al. [11] investigated
the decision-making process regarding how to select ideal installing locations for wind turbines.
The authors showed a broad review of using spatial analysis and multi-criteria spatial decision support
system to backing the renewable energy sector. However, there are few works of literature that mention
the possibility to use Small Wind Turbines (SWTs) [12] for supporting onshore oil production.
SWTs are different in comparison with large turbines in onshore and offshore wind farms, which are
more appropriate for individual power generations. Technically, there are several ways to define
SWTs. One of the commonly used definition comes from the standardization body—the International
Electrotechnical Commission (IEC). In the standard IEC 61400-2, SWTs should own a rotor swept area
that is less than 200 m2, equivalent to a rated power of roughly 50 kW [13]. Besides, several national
organizations have also identified their definitions of SWTs. The Canadian Wind Energy Association
(CanWEA) described “small wind” as ranging from less than 1 kW up to 300 kW [14]. The National
Renewable Energy Laboratory (NREL) defined the SWTs from the power capacity of 1 kW up to
100 kW [15]. The National Standards Authority of Ireland (NSAI) recognized wind turbines with a
power capacity of less than 50 kW as SWTs [13]. American Wind Energy Association (AWEA) proposed
to identify wind turbines with less than 100 kW capacity as SWTs [16]. World Wind Energy Association
(WWEA) considered wind turbines with capacities of 6 W~300 kW as SWTs [17]. RenewableUK
classified wind turbines into micro-wind (0–1.5 kW), small-wind (1.5–50 kW), and medium-wind
(50–500 kW) [18]. All those definitions from different national organizations are summarized in
Table 1. The endorsed definition, however, needs further analysis until a globally balanced agreement
is achieved.
Table 1. Definitions of Small Wind Turbines (SWTs) worldwide.
Organization Name Headquarter Location Power Capacity
Canadian Wind Energy Association (CanWEA) Canada <1~300 kW
National Renewable Energy Laboratory (NREL) USA 1~100 kW
National Standards Authority of Ireland (NSAI) Ireland <50 kW
American Wind Energy Association (AWEA) USA <100 kW
World Wind Energy Association (WWEA) Germany 6 W~300 kW
RenewableUK UK 1.5~50 kW
SWTs have reached a relatively mature phase in recent years. Bortolini et al. [19] assessed the
economic performance of 10 commercial SWTs under the rated powers of 2.5~200 kW for major
EU countries, considering their installations and operations. Tummala et al. [20] pointed out that
large-scale wind farms could create a potential influence on the local climate and suggested that SWTs
can be a more sustainable option.
In this study, a systematic investigation of integrating SWTs to hydrocarbon production was
carried out through wind energy assessment, wind power prediction [21], and economic analysis.
Initially, a completed one-year meteorological database was collected from the target oilfield. Then,
the measured data of atmospheric pressure at sea level, roughness length, air temperatures and wind
speeds were transported to a density correction wind power predictive model for evaluating wind
power potentials. After that, the advantages of integrating wind power into oil productions are
presented not only through energy return on investment (EROI) but also by levelized cost of electricity
(LCOE). Daqing oilfield is selected as an example to test the proposed approach of using SWTs to
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support oil production. The annual electricity consumption of the entire field is nearly 3.6 billion kWh,
where over 25% of them used in pumping operations. A site survey has reported that near half of
these pumping units’ load utilization was below 70% [1]. Therefore, energy consumption reduction
has become a significant issue that desperately needs to be solved in this oilfield.
This paper is organized as follows: Section 2 described how wind power was assessed for small
wind energy systems. Section 3 presented the operating history of the target oilfield and its available
wind energy potential. In Section 4, the used meteorological database was detailed introduced,
including wind speed and wind direction distributions in a one-year horizon. In Section 5, the wind
power model was developed along with the small wind turbine specification. Economic analysis was
carried out through both EROI and LCOE in Section 6. Finally, conclusions were drawn in Section 7.
2. Methodology
It is significant to evaluate local wind resources for small wind energy systems to ensure its
successful installation, operation, and overall performance. In this paper, the potential application
of SWTs in remote oil wells is assessed, where an integrated approach is applied through collecting
meteorological data, assessing wind resource, modelling wind power and analysing economic impacts.
Wind potentials in the target oilfield are evaluated through critical resource assessment, which is
significant for valuing annual wind power outputs. In general, wind resource assessment follows a
few standard procedures, including site specification, evaluation of wind speed and direction, etc. [11].
Several previous investigations have claimed that the trends of wind speeds and direction variations
are similar in different years [22–25]. Therefore, a completed one-year meteorological database was
collected for this study.
Wind turbines generate powers by converting wind force on rotor blades into torque. The amount
of generated powers varies with air density and wind speed at the target location as well as the size of
the wind turbine itself. One of the most common methods to evaluate wind power outputs is to use
specified power curves from commercial wind turbines. However, it is difficult to provide an accurate
power curve to any locations. Air density on site is one of the impact factors that can influence the
accuracy of power curves [26] and this parameter varies from one location to another. In reality, most
of the wind turbine manufacturer used a compromise method, where the standard air density was
applied to generate a standard power curve for a general-purpose [27]. In this paper, the measured
atmospheric pressure, air temperatures, and wind speeds at the measuring height were first converted
to their corresponding values at the hub height. These parameters were then further transported to a
density correction model to generate a density-corrected power curve. Figure 1 presented the basic
framework, indicating how to convert standard power curves to density-corrected ones.
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Wind speeds at different heights could be calculated through the logarithmic wind profile law,
which can be expressed as [28]:
v = vre f
ln
(
z
z0
)
ln
( zre f
z0
) (1)
where v is the wind speed in m/s at the height of z in m; vref is the wind speed in m/s that is already
known at the height of zref in m; z0 is roughness length in m at the current wind direction.
Temperatures were calculated by a linear gradient equation, varying 6.5 K per 1000 m. The equation
can be expressed as [29]:
th = tre f − 0.0065
(
zh − zre f
)
(2)
where th is the temperature in K at the hub height of zh in m; tref is the reference temperature in K that
is already known at the height of zref in m.
The air density at the hub height is derived from the following equation [29]:
ρh = ph/(R · th) (3)
ph =
[
pre f/100−
(
zh − zre f
)
· 0.125
]
· 100 (4)
where ρh and ph are the air density in kg/m3 and the pressure in pascal at the hub height of zh; R is
the specific gas constant of dry air, which is taken as 287.058 J/(kg·K); pref the pressure in pascal at the
reference height of zref.
Then, standard wind speeds of the certificated power curve were converted to the density-corrected
power curve. The used correlations can be presented as [29]:
vs = vp · (ρa/ρh)a (5)
a =

1
3 , vp ≤ 7.5 m/s
1
15 · vp − 16 , 7.5 m/s < vp < 12.5 m/s
2
3 , vp ≥ 12.5 m/s
(6)
where vs is the density-corrected wind speed in m/s; vp is the standard wind speed marked in the
certificated power curve from the manufacturer in m/s; ρa is the ambient density, which is taken as
1.225 kg/m3 in this study; ρh is the air density at the hub height under site conditions in kg/m3; a is an
exponential constant that is related to standard wind speeds.
3. Target Oilfield
Daqing oil field, which is operated by China National Petroleum Corporation (CNPC), is one of
the huge oilfields worldwide and the largest oilfield in China. The field covers a geographic area of
more than 6000 km2. It was discovered in 1959 and made a tremendous contribution to the economic
development of China [30]. Daqing oilfield plays a key role in the national energy supply security.
In 1976, its annual oil production was over 50 million tons. Since then, this annual production record
was kept for 27 years [31]. Since 1998, oil production was artificially reduced to maintain the field’s
sustainable development. The peak production period has passed in Daqing and the declining phase
has inevitably happened [32]. Currently, oil production has declined for years. However, it still
supplies nearly one-fifth of the overall oil production in China. The oil production is maintained at a
certain level through advanced Enhanced Oil Recovery (EOR) techniques, such as polymer flooding
and water content control. The major grid of the oilfield is mainly supported by coal-fired power
plants, producing a large number of environmental pollutions and harmful gases, such as CO, CO2,
SO2, and NOx.
Besides its glorious history of oil and gas production, the Daqing area also has abundant
wind resources. Geographically, Daqing city is located at the Heilongjiang province (see Figure 2,
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printed using the Global Wind Atlas online application owned by the Technical University of Denmark),
neighbouring Inner Mongolia Autonomous Region, which is one of the most promising wind energy
developing areas in China [33]. As is well known, mountains and other topographic features would
have an essential impact on wind flows. Fortunately, Daqing city is positioned at the western part
of the Songnen Plain, which makes the entire Daqing area relatively flat. The city also has abundant
natural wetlands, which accounts for over 30% of the known wetland area in China, causing fewer
surrounding trees. The city itself, which is officially established in 1979, is still young, causing fewer
surrounding buildings. The wind power density map of the target area is displayed in Figure 2. As can
be seen, most of wind power densities at the Daqing area are higher than 300 W/m2 at a height of
100 m, indicating considerable energy can be potentially converted at sites through wind turbines.
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4. Meteorological Data
Wind data were collected from a database measured by a fixed weather station in Daqing, supplied
by the National Oceanic and Atmospheric Administration (NOAA) [34]. The data points were collected
daily from 1956 to the most current year (2019), including parameters like atmospheric pressure at
sea level, air temperature, and wind speed and direction angle at a height of 1.5 m. The completed
one-year database from the measuring year of 2018 was extracted, where the data points were collected
every three hours from 01/01/2018 to 31/12/2018, indicating there were seven measuring points per
day. In total, 2480 data groups were recorded, containing 54 missing groups and 2426 effective groups.
To keep the internal consistency of the database, the missing records were replaced by the mean value
of the measuring day.
The one-year meteorological data (from 01/01/2018 to 31/12/2018) was used as inputs in the wind
power modeling. The input data of 01/04/2018 are summarized in Table 2 as an example.
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Table 2. Weather data inputs.
Date Time RoughnessLength, m
Atmospheric Pressure
at Sea Level, Pa
Air Temperature at
the Height of 10 m, K
Wind Speed at the
Height of 10 m, m/s
2018-04-01 00:00:00 0.15 1.01 × 105 280.60 7.30
2018-04-01 03:00:00 0.15 1.01 × 105 287.20 16.42
2018-04-01 06:00:00 0.15 1.00 × 105 291.90 10.94
2018-04-01 09:00:00 0.15 9.99 × 104 290.70 14.59
2018-04-01 12:00:00 0.15 9.98 × 104 288.70 12.77
2018-04-01 18:00:00 0.15 9.95 × 104 286.60 9.12
2018-04-01 21:00:00 0.15 9.97 × 104 284.70 7.30
Besides, the roughness length z0 (see Equation (1)) is physically significant to wind speed calculation
as it represents the height at which the wind speed theoretically equals to zero. This parameter is
naturally related to terrain roughness elements, such as open sea, snow, grass, crops, artificial obstacles,
etc. Its value varies from 0.0002 m~0.0003 m (for calm sea) to 1 m~4 m (city) [35]. Based on Daqing
oilfield’s characteristics, the value of roughness length is selected as 0.15 m to indicate a flat area with
fewer surrounding buildings and trees.
4.1. Wind Rose
In this study, monthly wind roses at a height of 10 m are used to present the average wind speed
and wind direction distributions in the Daqing area (see Figure 3). The most common wind speeds
are between 3~9 m/s over the year of 2018. Wind direction is defined through the direction where the
wind originates. Based on our database, wind directions are varying in different seasons of the year.
In winter (from December to February), the predominant wind direction is located at the WSW~SW
sector. In spring (from March to May), the most frequent wind directions occurred at the SW~SSW and
N sector. In summer (from June to August), the dominant wind direction varies from SSW in June~July
to NE in August. In autumn (from September to November), the dominative wind directions appear
to be located in the SSW sector. The wind direction slightly alternates in winter and summer. Over the
entire year, the wind direction has the most frequent occurrence of the WSW–SSW sector. The wind
direction is relatively stable, which is beneficial to the layout of wind turbines.
4.2. Wind Speeds
The monthly mean wind speeds were presented in Figure 4 to display the availability of wind
resources in different seasons. Spring owns the highest mean wind speed among the four seasons,
indicating the most abundant wind energy occurs at this period of the year. This trend happens to
have the same point of view with the conclusion from Li et al. [25], where the authors claimed that the
windiest season in northeast China is spring. The maximum mean wind speed raised in the middle of
spring with a value of 5.93 m/s, while the minimum wind speed value of 4.06 m/s appeared in January.
The histogram of the one-year wind data is presented in Figure 5, displaying the counts of wind speeds
under different intervals. The annual mean wind speed is around 5.00 m/s with a standard deviation
of 2.92 m/s.
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5. Wind Power Modeling
In this study, th library “windpowerlib” is applied to build a wind power model in a Python 3
environment (Python 3.7, Python Software Foundation License), which provides a series of classes and
functions to calculate power outputs of wind turbines/farms [36,37]. The corresponding methodology
used to calculate wind power has been detailed introduced in Section 2, which takes time-series
meteorological data as inputs while generating wind power as outputs. To accurately predict annual
wind power outputs, air density variations on-site in the Daqing oilfield is involved in the simulation
to correct the standard power curve from the manufacturer. The prediction of wind power is based on
meteorological data in a certain time series and the selected wind turbine type [38–40].
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5.1. Wind Turbine Specification
As no utility is available on remote sites, an off-grid SWT is highly recommended. The commercial
off-grid wind turbine H19.2-100KW was considered as an example to evaluate wind power outputs in
the Daqing oilfield, manufactured by Anhui Hummer Dynamo Co., Ltd (Anhui, China). [41]. The SWT
is a horizontal, upwind wind turbine with three blades. It has a rotor diameter of about 20.8 m
with a swept area of 339.80 m2, driven by direct drive with no gearbox. The hub height is 18 m.
The specifications of the wind turbine are presented in Table 3. The input parameters, which were
required for wind turbine initialization in the modeling effort, include rated power, hub height,
rotor diameter, and the certificated power curve from the manufacturer. The power curve of the
H19.2-100KW SWT is illustrated in Figure 6.
Table 3. Selected SWT specification.
Parameters Values
Configuration horizontal axis; 3 Blades
Rated power, kW 100 @ 12 m/s
Hub height, m 18
Rotor diameter, m 20.8
Swept area, m2 339.80
Direction of rotation clockwise looking upwind
Cut-in wind speed, m/s 3
Cut-out wind speed, m/s 25
Drivetrain direct drive
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5.2. Modelling Outputs
The monthly electrical outputs of the selected off-grid wind turbine are present in Figure 7 to
display potential power generations in different seasons. The general trend of electrical outputs follows
the variations of mean wind speeds in Figure 4. The major monthly energy outputs came from the
spring because of the highest wind speeds, where electrical generations of March, April, and May are
all higher than 30 MWh. The maximum electrical output raised at the end of spring with a value of
34.99 MWh, while the minimum output of 21.21 MWh appeared in January. The annual energy output
is 323.29 MWh in total.
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The wind power rose is presented in Figure 8, which is consistent with the wind rose in Figure 3.
The WSW–SSW sector offered the major power generation, where winds have the most frequent
occurrence. The generated wind powers ranging in 20~80 kW were dominant over most of the time
in 2018.
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6. Economic Analysis
A remote single-well oil production station, which is far away from major grids in the Daqing
field, was selected as the target to carry out the economic analysis. Currently, a diesel generator with
an installed power of 90 kW is used for this single-well site. The generated power was supplied to
operations of one beam-pumping unit as well as lighting and heating of a one-wellhead duty house.
According to the on-site records, the effective power of the diesel generator is only 45% of the installed
power. Therefore, under the consideration of 10% downtime, the annual required power is around
319.3 MWh for supporting the operation of the remote single-well oil production station.
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6.1. Current Annual Cost of Diesel Generator
The daily diesel consumptions are around 220 L. The most current diesel price is 1.01 USD/L
in China [42]. Hence, the daily cost of diesel fuel is about 222.2 USD. The annual cost of the diesel
generator is about 8.11 × 104 USD without further considerations of O&M costs.
6.2. Annual Cost of Small Wind Turbines (SWT)
The LCOE is used to calculate the annual cost of the selected SWT, which can be expressed
as [25,43,44]:
LCOE =
1
AEO
PrCs(1 + Cv)
n
(
1 + M
[
(1 + Ic)
n − 1
Ic(1 + Ic)
n
])
(7)
where AEO is the annual energy output of the target wind turbine in kWh; Pr is the rated power in kW;
Cs is the special cost in USD/kW; Cv is the variable capital cost; M is the variable O&M cost; n is the
lifespan of the selected SWT; Ic is the interest rate of the located country.
In this case study, the annual energy output of the selected SWT is 3.23 × 105 kWh with a rated
power of 100 kW. Considering the size of the target wind turbine, the special cost is selected as 2000/kW
(see Table 4). The variable capital cost is taken as 20% based on the small size of the turbine [45].
The variable O&M cost is set as 3.5% [44]. The lifetime of the SWT is defined as 20 years [46]. The latest
interest rate in China is 4.35% [47]. Therefore, the LCOE of the identified SWT is around 0.044 USD/kWh.
The annual cost of the target SWT is 1.75 × 104 USD, which is less than one-fifth of costs in the diesel
generator case.
Table 4. Special costs of wind turbines in different sizes.
Wind Turbine Size, kW Micro (<20) Small (20–200) Medium (>200)
specific cost, 1/kW 2200–3000 1250–2300 700–1600
For oilfield operators, continuous production is treated as the priority. Since the beam-pumping
unit must be kept in uninterrupted operation, power needs to be supplied 24 h a day, with the exception
of maintenance. Therefore, high power supply stability is required for any remote stations. It is
recommended to still maintain the diesel generator on-site as a back-up. Wind power is preferentially
used in this study. When the wind turbine suffers from failure or the stored energy is used up,
the insufficient part will be supplemented by the diesel generator in time to maximize the continuity of
power supply and overcome the shortcomings of independent operation of wind turbines.
6.3. Energy Return on Investment (EROI)
In this section, an evaluation between energy supply and demand in the remote single-well oil
production station was carried out based on EROI, which is a ratio of the amount of delivered energy
to the amount of energy required to obtain that energy [32]. In theory, the EROI can be described as:
EROI =
Energy Delivered
Energy Required to Deliver that Energy
(8)
Therefore, the EROIwind for wind power production can be written as:
EROIwind =
Wind Energy Delivered
Energy Required to Deliver Wind Energy
(9)
Correspondingly, the EROIoil for oil extraction can be expressed as:
EROIoil =
Oil Energy Delivered
Energy Required to Deliver Oil Energy
(10)
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In our study, it is assumed that all the delivered wind energy was used as an energy source for oil
extraction. Thus:
Wind Energy Delivered = Energy Required to Deliver Fossile Fuels Energy (11)
Therefore, the final EROItotal for the single-well case can be written as:
EROItotal = EROIwind × EROIoil =
Oil Energy Delivered
Energy Required to Deliver Wind Energy
(12)
Hu et al. [32] systematically investigated the forecasting of EROI for Daqing oilfield based on
its historic production data. The authors derived the initial EROI (see back curves in Figure 9) based
on existing field data from crude oil and natural gas production. After that, the obtained EROI was
further extended for future forecasting (see blue curves in Figure 9) through quality-corrected heat
equivalents. It was concluded that the net energy production of the Daqing oilfield would continue to
decrease noticeably. As displayed in Figure 9, the black curve is representing the historic EROI in the
Daqing oilfield while the blue curve is characterising the predictive values of EROI. Based on the linear
regression equation of the blue curve, the EROIoil of the year 2018 is around 5.07 in the Daqing oilfield.
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Kubiszewski et al. [48] assessed around 119 wind turbines from 50 different studies to investigate
the EROI of wind energy based on a wide literature review. The correlations between the average EROI
and the power rating of wind turbines are presented in Figure 10. According to this study, the EROI of
a wind turbine with a rated power of 100 kW is about 16.
In summary, based on Equation (12), the EROItotal of the single-well oil production station is
around 16 × 5.07 = 81.12 after the integration with small wind turbines, which is much higher than the
original predicted EROI of 5.07.
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7. Conclusions
An efficient methodology for integrating SWTs into oil production has been presented,
using Daqing oilfield as a case study. Wind power generation of the specified SWT was predicted under
the consideration of a density-corrected power curve. Wind power predictive results indicated that wind
energy could supply sufficient powers to support remote wells’ hydrocarbon production by replacing
the originally installed diesel generators. The proposed methodology is general in this study and can
be applied to other similar studies to facilitate wind power integration in hydrocarbon production.
Through the case study in Daqing oilfield, wind potentials have been assessed through a one-year
meteorological database collected from 01/01/2018 to 31/12/2018. The annual wind power output
is around 323.29 MWh, which could cover the 319.3 MWh power requirements of the remote site.
Economic analysis indicated that at least 80% annual costs of power generation could be saved through
the installation of wind turbines. Besides, an evaluation between energy supply and demand in the
remote single-well oil production station was investigated based on EROI, where the values of EROI
can be increased from 5.07 to 81.12.
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Nomenclature
a
Exponential constant that is related to standard wind
speeds
Cs Special cost
Cv Variable capital cost
Ic Interest rate
M Variable O&M cost
n Lifespan of the selected SWT
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p Pressure
Pr Rated power
R Specific gas constant of dry air
t Temperature
v Wind speed
z Height
ρ Air density
Abbreviation
AEO Annual Energy Output
AWEA American Wind Energy Association
CanWEA Canadian Wind Energy Association
CNPC China National Petroleum Corporation
EOR Enhanced Oil Recovery
EROI Energy Return On Investment
IEC International Electrotechnical Commission
LCOE Levelized Cost Of Electricity
NOAA National Oceanic and Atmospheric Administration
NREL National Renewable Energy Laboratory
NSAI National Standards Authority of Ireland
O&M Operation and Maintenance
SWTs Small Wind Turbines
WWEA World Wind Energy Association
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